Abstract Boron-and barium-doped vanadium-magnesium oxide catalysts (BVMgO and BaVMgO) were synthesized by the wet impregnation method and were used for the oxidative dehydrogenation of n-octane at different noctane/O 2 molar ratios. The catalysts were characterized by ICP-OES, in situ XRD, 51 V MAS NMR, SEM, EDX and TGA-DSC. The catalytic tests were carried out in a continuous flow fixed bed reactor. The incorporation of boron and barium as dopants into the VMgO system resulted in catalysts with some differences in properties, such as the details of phase transformations, porosity and degree of hydration. The catalytic performance was affected by the strength of the oxidative environment. Moreover, incorporation of barium enhanced the catalytic performance of VMgO, while the addition of boron adversely affected the performance of VMgO over all n-octane/O 2 molar ratios with regard to both activity and oxidative dehydrogenation selectivity.
Introduction
The gas-to-liquid processes (GTL) that are becoming more and more widely used for fuel production, produce longchain alkanes, including n-octane, as by-products. Due to the increasing demand for alkenes and aromatics in the polymer industry, there is a growing tendency in the petrochemical industry to the usage of these readily available alkanes to produce alkenes and aromatics. Although the non-oxidative dehydrogenation of alkanes has already been commercialized [1, 2] , the oxidative dehydrogenation (ODH) represents a potential alternative route for the production of olefins and aromatics, as no thermodynamic equilibrium limitations or coke formation are expected. Moreover, possibilities for cracking product formation may be minimized by employing ODH, as operating at relatively low temperatures would be possible. The great challenge in the ODH, however, is to stop the reaction at intermediate stages (formation of olefins and aromatics), and not allow it to proceed further to form the thermodynamically stable carbon oxides (undesirable combustion products) [3] ; especially when a strong oxidant such as oxygen (air) is used. The catalyst's properties, as well as the operational conditions, are crucial in determining which of the above products will dominate.
Research on the catalytic activation of n-octane was dominated by the non-oxidative activation [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , and when oxygen was used for such activation (usually from air) the focus was on the production of hydrogen, syngas, as well as the short-chain olefins [14] [15] [16] [17] [18] [19] [20] . A common feature in these studies was that the linear octenes and styrene were either not formed or formed in small amounts. This is consistent with the fact that long-chain alkanes are prone towards cracking. In this context, the catalyst choice seems to be crucial in securing a successful pathway from n-octane to linear octenes and aromatics, especially in a reaction environment that contains oxygen. The ODH of alkanes in general is believed to proceed via a redox mechanism [21] . The participation of lattice oxygen in this mechanism was inferred from pulse experiments and isotopic studies [3, 22, 23] . Selectivity to the dehydrogenation product is deemed to be affected by the acid-base character of the catalyst, the mobility of the lattice oxygen, the atomic arrangements around the active sites, and the reducibility of the cation involved in the active centres [21, 24] . It is clear from this, and from the mechanism of alkane activation, that in the oxidative activation of alkanes, the catalyst choice is very important in determining the selectivity to a certain class of products, e.g. dehydrogenation, oxygenates, or cracking products. The VMgO system was not known for the formation of either oxygenates or cracked products during the dehydrogenation of short-chain alkanes [21, [25] [26] [27] [28] [29] [30] . Thus, VMgO catalysts were employed in our laboratories for the ODH of n-octane to produce octenes and C8 aromatics [31] [32] [33] . In these studies, reasonable selectivities for the dehydrogenation products were obtained.
The modification of properties of a given catalyst, and hence its catalytic performance, may be attempted by employment of dopants (promoters). The dopants can influence the acid-base character of the catalysts, the metal-oxygen bond, electronic structure around the active sites and the isolation of these sites [34, 35] . The properties of the VMgO catalysts may be influenced by the addition of a suitable promoter, and hence its catalytic properties may also be modified. Different dopants have been studied with the VMgO catalysts, and different effects were observed [28, [36] [37] [38] [39] [40] [41] [42] . Boron-and barium-doped catalysts were employed in the ODH of n-octane at n-octane/oxygen molar ratio of 0.8 [43] . Boron and barium are different in their acid-base properties, electronegativity, as well as other properties like atomic size and charge/radius ratio. Therefore, it is likely that they will modify the VMgO system in different ways.
Besides the intrinsic properties of the VMgO system that favour the dehydrogenation route over oxygenates and cracking products formation, factors like the type of oxidant used as well as the alkane to oxygen ratio are also critical in determining the selectivity pattern to different products. The MgO support itself has been shown to make a minimal contribution to n-octane activation [44] . Since long-chain alkanes are prone to cracking, the dehydrogenation of such alkanes like n-octane to produce octenes and C8 aromatics must be conducted with extra caution. In our previous studies in n-octane activation, catalyst' activity and selectivities were found to be influenced by the n-octane to oxygen ratios [32, 45] . Thus, the investigation of a factor like n-octane/oxygen ratios during the n-octane dehydrogenation over these doped VMgO catalysts would be informative.
Experimental Catalyst synthesis and characterization
Magnesium oxide was prepared from magnesium oxalate by a procedure similar to that outlined in [31] . For the synthesis of the barium doped catalyst (BaVMgO), 700 ml of a hot aqueous solution that contained 1.030 g of ammonium metavanadate was added to 4.6427 g of MgO. The resultant solution was magnetically stirred and heated to 80°C. After 30 min, 200 ml of a hot aqueous solution that contained 0.0626 g of barium carbonate was added to the hot solution that contained magnesium and vanadium. Heating and magnetic stirring was continued till a paste was formed. The paste was placed overnight in an oven at 110°C. The catalyst so-obtained was ground, thoroughly mixed and was then calcined at 550°C for 5 h (the temperature ramping during the calcination was 1.5 o /min). The calcined catalyst was pelletized, crushed, and sieved to a 600-1000 lm mesh size. The same procedure was performed for the synthesis of the boron-doped catalyst (BVMgO); boric acid was used as a source for boron. The synthesis of the undoped catalyst (VMgO) is discussed elsewhere [31] .
In situ XRD was performed in a flow of air (20 ml/min) using a Bruker AXS diffractometer equipped with a TCU 750 temperature control unit and operating at 40 kV and 40 mA. The source of radiation was Cu Ka. The 51 V magic angle spinning nuclear magnetic resonance (MAS NMR) spectra were recorded at 600 MHz on a Bruker Avance III 600 NMR Spectrometer fitted with a Bruker Solid State Probe. The catalyst sample was packed in a cylindrical zirconia rotor that was rotated at a speed of 12 kHz during the data acquisition. SEM images were obtained using a LEO 1450 Scanning Electron Microscope. EDX was carried out using a Jeol JSM 6100 Scanning Electron Microscope equipped with a Bruker EDX detector. Samples for SEM images were coated with gold using a Polaron SC Sputter Coater, while those for the EDX were coated with carbon in a Jeol JEE-4C Vacuum Evaporator. Thermal analysis (TGA and DSC) was performed on an SDT Q600 TGA-DSC instrument in static air atmosphere. The sample (ca. 5 mg) was contained in an alumina crucible. The temperature was raised from ambient to 1000°C at a heating rate of 10 o /min.
Catalytic testing
The catalytic testing was carried out in a fixed bed continuous flow reactor that operated in a down flow mode.
The reactor tube was stainless steel; the tube was 220 mm in length and 10 mm in internal diameter. Air was used as an oxidant and nitrogen as a make-up gas. The flow rates of nitrogen and gaseous n-octane were varied to give the required total flow (134 ml/min) and the n-octane/O 2 molar ratios (0.1, 0.4, 0.8, 1.2 and 1.6). Before conducting any catalytic experiment, the air and nitrogen flow rates were set to the desired values using air and nitrogen rotameters, respectively, and the flow of each gas was further rechecked using a Perkin Elmer PE 1000 electronic flowmeter. An HPLC pump was used to deliver the n-octane to the reactor. The volume of the gas phase during the catalytic run was determined by a Ritter DrumType Gas Metre. The products of the catalytic testing were analyzed off-line using a Perkin-Elmer Clarus500 Gas Chromatograph equipped with both an FID and a TCD; the FID for the organic products and the TCD for the carbon oxides. For the capillary column attached to the FID (PONA), the carrier gas was hydrogen that flowed at 2.0 ml/min. For the capillary column attached to the TCD (Carboxen 1006 PLOT), the carrier gas was helium that flowed at 6.0 ml/min. An 870 KF Titrino plus (Metrohm) Karl Fischer Titrator was used to determine the weight percentage of water in both the organic and aqueous layers that formed by the catalytic tests. The catalyst volume was 1 ml (ca. 0.45 g) and the catalyst pellets sizes were between 600 and 1000 lm. The catalytic tests were carried out at 450°C and at a gas hourly space velocity (GHSV) of 8000 h -1 . The VMgO catalysts (doped and undoped) were tested at different n-octane to oxygen molar ratios, as it has been shown in our previous studies of n-octane activation that this parameter (n-octane/oxygen ratio) has a great influence on the catalytic activity and selectivity [32, 45] . The flow rates of gaseous n-octane/air/nitrogen in these experiments were 1.5/72/ 61, 6/72/56, 12/72/50, 18/72/44 and 24/72/38, which correspond to n-octane/O 2 molar ratios of 0.1, 0.4, 0.8, 1.2 and 1.6, respectively. Conversion and selectivity were calculated on a carbon basis (carbon balances were in the range of 97-101%), and all experiments were carried out in duplicate.
Results and discussion Characterization
The synthesized catalysts were characterized by ICP-OES, in situ XRD, MAS NMR spectroscopy, SEM, EDX and TGA-DSC. As determined by the ICP-OES, the concentrations of boron and barium (by weight) in the doped VMgO catalysts were 1.3 and 1.2%, respectively.
In situ XRD
In situ XRD was carried out on the uncalcined catalysts in a bid to investigate phase transformations. These XRD experiments were conducted under a flow of air, i.e. under conditions similar to those under which the calcination of the catalysts was performed. The importance of phase transformations is that they are believed to affect the chemical and textural properties of the resultant catalyst after calcination [46, 47] . The in situ XRD diffractograms of BVMgO and BaVMgO catalysts are given in Fig. 1a, b , respectively. The lines assignments of these diffractograms were made according to [25, 46, 48] . At 50°C, the XRD diffractograms of the doped catalysts (BVMgO and BaVMgO) showed lines characteristic of Mg(OH) 2 at 2h equal to 18.5°, 38°, 50.5°a nd 59°(d spacings of 4.78, 2.37, 1.8 and 1.57 Å , respectively). At 100 and 150°C, the diffractograms of these doped catalysts were still characterized by the existence of Mg(OH) 2 as a main crystalline phase. However, at these temperatures, the diffractograms of each of the doped catalysts also showed a weak line that is assignable to the magnesium orthovanadate; at 2h equal to 35.5°(d spacing of 2.52 Å ) for BVMgO and at 2h equal to 23°(d spacing of 3.7 Å ) for Fig. 1 BaVMgO (Fig. 1a, b, respectively 2 ]. A noticeable difference between the doped catalyst on one hand and the undoped catalysts on the other hand was that MgO was detected in the undoped catalyst (VMgO) for the first time at 350°C and became the dominant crystalline phase at 400°C and above [32] ; i.e. both dopants caused the crystalline MgO to form from Mg(OH) 2 at lower temperatures. For the doped catalysts (BVMgO and BaVMgO), the only crystalline phases detected at 400, 450, 500 and 550°C were MgO by the lines at 2h equal to 43 and 62°(d spacings of 2.11 and 1.50 Å , respectively) and magnesium orthovanadate by the line at 2h equal to 44°(d spacing of 2.05 Å ). Worth noting is that the existence of the orthovanadate in the undoped catalyst at these temperatures, viz. 400, 450, 500 and 550°C, was indicated by the lines at the d spacings of 3.04 and 2.5 Å [32] . This indicates that magnesium orthovanadate in the doped catalysts (BVMgO and BaVMgO) exhibited different crystal planes than those shown by the undoped catalysts (VMgO).
V magic angle spinning nuclear magnetic resonance (MAS NMR)
In our previous study [43] , the MAS NMR spectroscopy on the calcined catalysts (doped and undoped), indicated that vanadium exists as tetrahedrally coordinated V 5? species in coordination environments similar to that of orthovanadate. To get more insights, the MAS NMR spectroscopy was performed on the uncalcined catalysts. The 51 V MAS NMR spectroscopy of the undoped catalyst (Fig. 2a) shows a band at -660 ppm. This, according to [50, 51] , suggests that vanadium in the undoped catalyst (VMgO) exists as dimeric VO 4 tetrahedra in a coordination environment similar to that of V 2 O 7 4-, i.e. with the corner-sharing of two VO 4 tetrahedra through a bridging oxygen atom. In a different observation, the spectra of the doped catalysts (BVMgO and BaVMgO) showed a band at -545 ppm (Fig. 2b, c, respectively) . According to the assignments in [50, 51] , this indicates that vanadium in the doped catalysts exists as isolated VO 4 tetrahedra in a coordination environment similar to that of VO 4 3-. This suggests that the incorporation of boron and barium into the VMgO system hinders the corner sharing of the VO 4 tetrahedra. This is consistent with the observation from the in situ XRD results that the dopants cause the MgO to form from Mg(OH) 2 at lower temperatures compared to that of the undoped catalyst; it was reported that the formation of the orthovanadate phase is somewhat associated with the transformation of Mg(OH) 2 into MgO during the calcination of the VMgO catalyst [49] .
Scanning electron microscopy (SEM)
As Fig. 3 shows, the SEM micrographs of the three catalysts display fluffy, rough surfaces with a platelet-like structure. The surfaces of VMgO and BVMgO (Fig. 3a, b) show more cavities than that of BaVMgO (Fig. 3c) , which indicates that these two catalysts are more porous than BaVMgO; this is in an agreement with the values obtained from the pore volume analysis [43] , viz. 0.75, 0.75 and 0.64 cm 3 /g for VMgO, BVMgO and BaVMgO, respectively.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC)
As suggested by the TGA and DSC results (Table 1) , the three catalysts generally exhibit similar thermal behaviour. In each of the three catalysts, the thermal analysis shows an endothermic effect at around 130°C, which is likely to be due to the removal of weakly bonded water molecules. Considering the weight loss for this effect (Table 1) , the higher value in the case of BVMgO indicates that this catalyst is more hydrated than the other two. This is consistent with the acidic character of boron which is likely to enhance interaction with the lone pairs of electrons in the water molecules. Another weight loss was recorded at 350-390°C. Considering the assignments in [49, 52] , this weight loss may be attributed to the removal of strongly bonded water molecules. Interestingly, this weight loss was not accompanied by observable heat change. This suggests that the removal of these strongly bonded water molecules was accompanied by a form of crystallization, and that the endothermic effect induced by the removal of water was equated by the exothermic effect of the postulated crystallization.
Catalytic activity
It is clear from Fig. 4 that the catalytic activity is sensitive to the change in the n-octane to oxygen molar ratios.
Enriching the reactant mixture with oxygen causes a significant increase in the conversion of n-octane. The oxygen-rich reactant mixture represents a strong oxidative environment that enhances the formation of the thermodynamically stable carbon oxides, which results in pushing the equilibrium far to the right, and consequently leads to high conversion. As Fig. 4 displays, the boron-doped catalyst shows the lowest conversion at all the ratios. The lower conversion over BVMgO is in agreement with the TPR data [43] , as this catalyst shows the highest values for both Tmax and onset temperature when compared to BaVMgO and VMgO. This lower conversion over the BVMgO catalyst may be attributed to the decrease in the mobility of the lattice oxygen that is plausibly induced by the acidic and highly electronegative boron metal [43] . As Fig. 4 shows, the difference in conversion between the undoped (VMgO) and the barium-doped (BaVMgO) catalysts is widened at the n-octane to oxygen ratios of 0.4 and 0.1 (which corresponds to 4.5 and 1.1% (v/v) of gaseous noctane in the reactant mixture); in these n-octane-lean environments, competitive adsorption between the components of the reactant mixture is likely to contribute much to the conversion.
Selectivity to 1-octene and styrene
Generally, high demand exists for linear alpha alkenes. 1-Octene and styrene are valuable products that are used in the petrochemicals and polymers industry; in fact, polystyrene is one of the most important polymers. As Fig. 5 displays, selectivity to 1-octene goes parallel to the enrichment of the reactant mixture with n-octane (mild oxidative environments), which in turn is accompanied by low conversions. This is consistent with the following conceivable sequential reaction [33] :
n-octane ! octenes ! octadienes=octatrienes ! C8 aromatics styrene ð Þ:
In this consecutive reaction, a strong oxidative environment will shift the reaction far to the right, and thereby lowers the selectivity to 1-octene; the opposite is true for the weak oxidative environment (n-octane-rich mixture). In the above reaction, the stable aromatic nucleus in styrene, and in C8 aromatics in general, represents a driving force that pushes the reaction far to the right; in support of this was that only small amounts of octadienes and octatrienes were formed.
Opposite to the trend shown by 1-octene, enriching the reactant mixture with n-octane causes a noticeable decrease in the selectivity to styrene (Fig. 6) . Consistent with the consecutive reaction postulated, enriching the reactant mixture with oxygen (strong oxidative environment), which is accompanied by an increase in the conversion, causes a noticeable increase in styrene selectivity, presumably by pushing the reaction far to the right. The exception to this, however, was at the n-octane/oxygen ratio of 0.1, as a noticeable decrease in the styrene selectivity was observed. This decrease in the styrene selectivity at the ratio of 0.1 may be attributed to the extremely oxygen-rich environment where the formed styrene may be degraded, via secondary combustion, to form the thermodynamically stable carbon oxides. In support of this was that a steep increase in selectivity to COx was observed when moving from the ratio 0.4 to 0.1 (Fig. 4) . The BaVMgO catalyst exhibited the highest selectivity to styrene at the ratios 0.4, 0.8, and 1.2, while BVMgO catalyst showed the lowest selectivity to styrene at all the ratios. Worth mentioning is that the above-discussed observations, that related to the 1-octene and styrene selectivity, are applicable to the selectivity to octenes and C8 aromatics in general. To support these observations and to provide more data related to the main products of the catalytic testing, selectivity for octenes, C8 aromatics (ethylbenzene, styrene and o-xylene) and COx are given in Table 2 .
Dehydrocyclization ability
For the catalytic tests over the doped and the undoped catalysts, octenes and C8 aromatics represent the major ODH products. As indicated by the postulated reaction scheme, as well as by our previous studies [31, 33] , octenes are precursors to C8 aromatics and that further dehydrogenation and cyclization of the formed octenes will eventually lead to the formation of C8 aromatics. Therefore, the dehydrocyclization ability of these catalysts may be indicated by comparing the amounts of the formed octenes to the combined amounts of octenes and C8 aromatics (Fig. 7) . As can be inferred from Fig. 7 , the cyclization power increases (more aromatics and less octenes) as the n-octane/O 2 ratio decreases, i.e. as the reactant mixture is enriched with oxygen. Also, over all the n-octane/O 2 ratios, the dehydrocyclization power of BaVMgO is greater than that of BVMgO, which indicates the better oxidative dehydrogenation performance of the former. In this respect, the barium-doped catalyst also exceeds the undoped one at the ratios of 0.4, 0.8 and 1.2. The variation in the dehydrocyclization power at different n-octane to oxygen ratios can also be seen when inspecting the selectivity of ethylbenzene and styrene. As shown in Fig. 8 , the ethylbenzene selectivity gets closer to the styrene selectivity at the relatively higher n-octane/O 2 ratios (1.2 and 1.6); while in the oxygen-rich environments (ratios of 0.1 and 0.4), the selectivity to styrene is obviously greater than that to ethylbenzene. As styrene results from deeper dehydrogenation of n-octane when compared to ethylbenzene, this again suggested that the dehydrogenation performance is enhanced by enriching the reactant mixture with oxygen. As elucidated above, the catalytic results of the ODH of n-octane over the two doped catalysts (BVMgO and BaVMgO) at different n-octane/O 2 ratios indicated that the performance of the barium-doped catalyst was better than that over the boron-doped catalyst in both activity and selectivity to ODH products (octenes and C8 aromatics). 
Characterization of the used catalysts
To investigate any possible chemical or textural changes, characterization was carried out on the used catalysts; namely, powder XRD, EDX and ICP-OES. Worth mentioning is that the time-on-stream during the catalytic testing was 120 h. In a similar observation to those reported in [32, 53] for the used VMgO, XRD on the used BVMgO and BaVMgO catalysts indicates no change in the crystalline phases, as only magnesium oxide and magnesium orthovanadate were detected. Regarding the textural properties (Table 3) , the catalytic testing induced an increase in the average crystallite sizes, as calculated from the XRD using the Scherrer equation. In the same trend as that observed for the undoped catalysts [32] , the increase in the crystallite size goes parallel to the catalytic activity, which again suggests that this change is probably due to the redox cycle and the accompanying order/disorder reconstruction. Based on the EDX results (Table 3) , it may be said that there was no observable change in vanadium concentration at the surface of BaVMgO catalyst, as well as for VMgO. For the BVMgO catalyst, however, a slight change (a decrease) in the vanadium surface concentration may have been induced by the catalytic testing; however, worth mentioning here is that the ICP-OES test on the used catalysts did not show elemental change.
Conclusions
Investigation of the phase transformations during the catalysts calcination indicated that in the boron-doped catalyst the MgO started to form at lower temperature, namely 200°C. Also, for both doped catalysts, MgO was the dominant crystalline phase at 350°C; for the undoped catalyst, MgO became the main crystalline phase at 400°C and above. The magnesium orthovanadate phase existed in the doped catalysts; however, it exhibited crystal planes different from those shown by the undoped catalyst. Some differences between the BaVMgO and BVMgO were also observed, e.g. the former is less porous, while the latter is more hydrated. Moreover, no changes in the crystalline phases were detected in the used catalysts; however, some changes that related to the textural properties were observed. The catalytic testing showed that the doped catalysts maintained the main features (merits) of the undoped VMgO catalysts with regard to the low propensity to form oxygenates and cracking products under all n-octane/O 2 molar ratios. At all ratios, the BVMgO showed the lowest activity and ODH selectivity. Enriching the reactant mixture with oxygen (strong oxidative environment) increased the conversion, but at the same time enhanced the formation of the combustion products (carbon oxides). In this context, selectivity to 1-octene increased as the ratio of n-octane to oxygen increased; the opposite was true for styrene (except for the n-octane to oxygen ratio of 0.1). The highest selectivity to styrene was observed over the BaVMgO catalyst at n-octane/O 2 molar ratios of 0.4, 0.8 and 1.2. In fact, the dehydrocyclization ability in general was greater over this catalyst (BaVMgO) at these ratios. Generally, the bariumdoped catalyst (BaVMgO) showed a better performance than the boron-doped catalyst (BVMgO) with regard to both the catalytic activity and the ODH selectivity. 
